Abstract: Partially autonomous conceptual development of Multifunctional Structures (MFSs) is achieved using an analogy with two mechanisms found in embryo development in biology: induction and gene transcription. The induction model is achieved autonomously using rule-based reasoning. Gene transcription is partially autonomously achieved through dualism. Weighted graphs and weighted dual graphs are used to represent the design concepts visually. An example illustrated the application of the method. The graph-and-matrix-based representations, together with the induction and duality-based transformations, convey the design concept from functions to structures and formulate the conceptual development.
Introduction
Multifunctional Structures (MFS) are defined as "A new system for spacecraft design which eliminates chassis, cables, and connectors and incorporates the electronics onto the walls of the spacecraft." (Obal and Stater, 1995) This makes MFS an efficient approach for developing intelligent engineering systems.
A significant feature of MFS design is that it is multidisciplinary, involving specialists in design, material, manufacturing, microelectronics, optics, control, communication and the like. Therefore, a normative framework that allows each aspect of the structure to be developed autonomously or partially autonomously would be useful, and perhaps even essential, for a team to work concurrently. A typical MFS consists of a panel or beam made of a composite material, into which are embedded cables and jumpers as well as some electronic components or pieces of piezoelectric material. The layout and the interconnection of these components are core features of the design of the MFS that must be formulated in the design model.
Most of the literature on MFS during the past decades has dealt with introducing the concept of MFS (Obal and Stater, 1995) , experiments with MFS (Barnett and Rawal, 1999; Torquato et al., 2002) , multi-chip modules (Harris and Morgenthaler, 2000) , multifunctional integration (Angelescu et al., 2002) , and application examples in spacecraft (Aglietti et al., 2007) . Only recently has there been emerging research on systems design paradigms of MFS, which focus on the design process chain, and robust to uncertainties and the propagation of these uncertainties down the chain. Examples of such studies include: using reusable interaction patterns to model design process chains and considering design process decisions using value-of-information-based metrics (Panchal et al., 2007) ; finding feasible ranged sets of specifications in a step-by-step, top-down (inductive) manner by developing multilevel design and Type III robust design Choi et al., 2008) ; embodying multilevel function structures into principal solution alternatives, on the basis of comprehensive identification and integration of phenomena and associated governing solution principles occurring at multiples levels and time and length scales (Messer et al., 2008) ; using robust topology design methods to design a flexible cellular topology with customised structural properties at the first stage and using the flexibility to improve specific characteristics without degrading the structural performance at the second stage (Seepersad et al., 2008) . These methods map functions or properties onto principal structural solutions that are based on the concepts of robust design. However, to achieve partially autonomous conceptual design of an MFS, a normative design framework with a mapping strategy is needed, in which the layout and the interconnection of the components of the MFS can be generated without or with little decision-making that relies on uncertain parameters.
The systems design frameworks can be basically classified into three categories: engineering design methodology (Pahl and Beitz, 1986) , axiom design (Suh, 1998) and the Function-Behaviour-Structure (FBS) framework (Gero, 1990, Gero and Kannengiesser, 2004) . These three frameworks provide an operational or analysis approach for the design of an MFS, but an appropriate mapping strategy is still lacking.
Studies on mapping strategy have so far mainly focused on computer-assisted methods and tools. For example, shape grammars (Öberg et al., 2001) , qualitative reasoning (Bozzo et al., 1998) , function reasoning (Chakrabarti and Bligh, 2001) , rule-based representation (Seebohm and Wallace, 1998) , decision-making (Wood and Agogino, 2005) , game-based design (Xiao et al., 2005) , the modular synthesis and design structure matrix (Seol et al., 2007) , and the three-stage transformation (transforming a synthesis problem into a graph theoretic problem; devising the topology possessing specific properties that correspond to the system requirements; finding the geometric configuration of that topology that will possess the desired properties (Shai et al., 2008) .
In these mapping methods, the uncertainty in the design parameters at the early conceptual design stage increases the complexity of the mapping from one stage to the next. This is a major challenge for autonomous conceptual development of an MFS. One way to address it is to treat uncertainty using information theory and decision theory. For example, decision-based design focuses on the uncertainty inherent in design evaluation by combining information value theory and expected value decision-making theory (Wood and Agogino, 2005) . A second approach is to make the model more robust and less sensitive to uncertainties. For example, in inductive design exploration method, the process of uncertainty analysis is decoupled from the design exploration process by identifying a suitable set of design specifications for each segment of a multilevel design process (Choi et al., 2008) .
In addition to providing a normative framework and a mapping strategy, the representation of design parameters is a necessary component of a design method because it not only represents the parameters but also depicts the flow of the parameters from one stage to the next graphically or mathematically.
Graph theory is a useful tool for representing and transforming design parameters. Related work in this field has mainly focused on the design of mechanisms and the dynamic analysis of systems (Jolion and Kropatsch, 1998; Al-Hakim et al., 2000) . Dualism is mainly used to express transformations between physical properties of a static system (Shai, 2001) , the geometrical properties of a kinematical system (Shai and Pennock, 2006) and the graph representation of synthesis problems (Shai et al., 2008) .
The focus of this paper is to establish a normative design framework, in which the layout and the interconnection of the components of MFS can be generated partially autonomously. Here, "partially autonomous" means that qualitative parameters are allowed to evolve from one stage to the next by following a set of rules and undergoing mathematical transformations without specifying their numerical values at each stage. The methodology includes a bio-inspired design framework (including six stages), graph and dual graph representation of parameters (an extended weighted graph and an extended weighted dual graph are used to accommodate all variables and parameters at different design stages), and bio-inspired transformation mechanisms that are analogous to those found in embryo development: induction and gene transcription. The proposed framework supports designers with the layout development of MFS either by free-hand sketch or by computer. Using this framework, designers can visually see the configuration of the MFS panel and obtain the basic parameters of each substructure and the relationship between the parameters symbolically. The design framework and mapping mechanisms are discussed and an example is presented to illustrate the method subsequently.
Design framework
The basic idea behind this methodology is to achieve autonomous development by borrowing concepts underlying development mechanisms in biology and formalising these mechanisms using mathematics and simple rules. Problems related to uncertainties are minimised by not assigning numerical values to the parameters and by focusing instead on their symbolical representation and transformation.
Bio-inspired design framework
The analogy between the development of engineering systems and that of biological systems provides useful insight into the mechanisms for autonomous design, since an embryo itself develops quasi-autonomously. This work proposes a design framework in which concept transformations are inherently autonomous or partially autonomous by analogy with similar development mechanisms found in embryo development: induction and gene transcription.
Within the context of embryogenesis (Slack, 1997) , 'induction' is one of the general processes that account for the events of regional subdivision. Groups of cells 'induce' others by releasing chemical substances, whose diffusion results in the formation of structures within the embryo. 'Gene transcription' is the process by which a gene's DNA (Deoxyribonucleic acid) is read to produce messenger RNA (ribonucleic acid), which then becomes translated by ribosomes to manufacture a protein. 'Commitment' refers to the aspect of the intrinsic character of a cell or tissue region to follow a particular pathway of development, or fate. During embryo formation, the different cell and tissue regions become 'committed', i.e., they develop towards forming specific organs in the mature organism.
Our assumption is that the development of artefacts obeys the same general principles as in biological systems, even if in practice they are implemented very differently.
The concept behind the design consists of several steps, starting with function decomposition and ending with the formation of structures. The overall process can be described in a pathway of embryo development in terms of six models: the Function, Surrogate, Property, Specification, Feature and Parameter models. The Function model represents function specification in the system. The Surrogate model represents properties that describe the functions in terms of natural laws, analogous to the mechanism of 'gene transcription'. The Property model results from an 'induction' mechanism between substructure and a connection relation (A control system is also established at this stage.). In mechanical design, the term 'property' may refer to the stiffness of a structure, the power of a driver, the processing coefficient of a processing unit, the energy transformation coefficient of a sensor or an actuator, etc. The Specification model represents concrete properties of the system by interpreting properties, which corresponds to the mechanism of 'commitment'. The Feature model represents the feature of topology and material of the structure, which mainly corresponds to the mechanism of 'gene transcription', and finally the Parameter model to the detailed description of artefacts, which corresponds to the mechanisms of 'gene transcription ' and 'commitment'. Within this framework, the commitment is a complex process of decision-making and analysis, involving decision-making under uncertainty and the situated decision, whereas induction and gene transcription can be achieved through rule-based reasoning, algorithms and the like. To achieve partially autonomous conceptual design of MFS, one solution is to delay quantifying parameters (i.e., commitment, which inevitably carries some uncertainty in the early design stage) and to focus instead on the representation and transformation of these parameters symbolically using induction and gene transcription mechanisms.
Modelling design stages with graph and matrix
The concepts at every stage are most conveniently described using a matrix representation. A weighted graph and a dual graph are also used to represent the design model at each stage.
Matrix representation
The function, the property and the properties relation are denoted, respectively, by
where n is the number of functions, r ij represents the physical relation between the properties of substructures i and j, whereas w ij represents the signal relation between these two properties. For mechanical products,
where k i is a stiffness, A i is an area, Type is a type of the connection, F is a generalised force (e.g., linear force, rotation or bending moment); ve and a are, respectively, a generalised velocity and acceleration, (linear or angular); u is a displacement; I is an electrical current; Vt is a Voltage; B is the magnetic field strength; T is the temperature and X is the position. The feature and parameter are denoted, respectively, by
where s i and p i are functions; Ω is the topology of a substructure; m is the material. para are the parameters of a substructure, ns is the number of substructures.
Graph representation
The design data can be presented in a graph or a dual graph. The graph G * = (V * , E * ) is said to be the dual of a connected graph G = (V, E) if there is a one-to-one correspondence: E-E * , such that a set of edges S forms a simple circuit in G if and only if f(S) (the corresponding set of edges in G * ) forms a cutset in G * (Even, 1979) . A weighted graph is a graph with a weight assigned to both vertices and edges. Vertex-edge weighted graphs are extended here to vertex-edge-face weighted graphs, where the weight is expressed as a matrix or cell matrix, to accommodate all the variables and parameters.
Consider a graph G = (V, E) and let n, p, and q be the number of vertices, edges and faces, respectively. The Surrogate, Property and Specification models can each be illustrated by the graph.
where v i is the number of a vertex, and p i represents the property of the ith substructure. The relation between properties can be represented as an edge:
where e i is the number of an edge. The form of the representation is the same for the Property and the Specification models, but the number of properties, i.e., n, is different in each case. In the Property model, np replaces n (with np > n as a result of induction). In the Specification model, some relations may disappear or emerge, so nsp replaces np. nps and np are not necessarily equal.
The connections can be expressed by a Complete Incidence Matrix. Considering a graph G(V, E) with n vertices and p edges, let c ij = 1, if there is an edge connecting vertex i and j (from i to j); let c ij = -1, if there is an edge connecting vertex j and i (from j to i); otherwise let c ij = 0. Then, C = {C ij } n × p is called the Complete Incidence Matrix (Even, 1979) .
The Feature model and the Parameter model can be illustrated using a dual graph. A vertex-edge-face weighted dual graph is used here to represent the features of the structure.
Suppose that
where * k X represents a coordination of substructures, and it is the weight of v * , q is the number of vertices in the dual graph and Sub 0 is the base structure.
Partially autonomous development
The transition between stages is achieved mainly by implementing induction and dualism acting as gene transcription tools.
Property induction
Induction, within the context of design, refers to the process by which properties of substructures and connection properties interact with each other to generate new properties of substructures and connections. An induction model was established to serve as a white box to develop the Property model. The induction model consists of induction rules and units. The rules and units in the induction model depend on the complex level of the parameters. Our focus is a normative conceptual design framework, so only basic rules and units are discussed in this paper.
The basic units encompass three groups: Part units, Elementary units and Element units. Part units involve assemblies, i.e., a fixed group of components designed to display a specific property. Elementary units involve substructures that are able to achieve specified property by a single component or instrument in general. Element units involve substructures that function as a motion unit or are processed as a manufacturing unit. Figure 1 shows The basic induction rules encompass signal induction rules, physical connection induction rules and induction check rules. Signal induction rules concern supporting properties to achieve properties of specified signals. Signal induction rules include Output signal induction, Input signal induction, Output transmission signal induction and Input transmission signal induction. The basic idea of Signal induction rules is shown in Table 1 . Induction check rules check the substructures and their relations and determine whether to end the induction. Induction check rules include the Inertia unit rule and the Structure unit rule. The basic idea of the Induction check rules is shown in Table 2 . Physical connection induction rules concern supporting properties to achieve a specific physical connection. Connection induction rules include static connection and dynamic connection. The basic idea of the induction is shown in Table 3 . Table 1 Signal induction rules
Signal rules
Rule 1: Output signal induction. If w ij ≠ 0 and C ij ≠ 1, the Sensor Unit and the Transmission unit will be generated.
Rule 2: Input signal induction. If w ij ≠ 0 and C ij = -1, the Actuator Unit and the Transmission Unit will be generated.
Rule 3: Output transmission signal induction. If w ij ≠ 0 and w ij ≠ Transmission Unit, the Processing Unit and the Transmission Unit will be generated.
Rule 4: Input transmission signal induction rule. If w ij ≠ 0 and w ij ≠ Transmission Unit, the Processing Unit and the Transmission Unit will be generated. A substructure will reduce to an Element structure if its property can be achieved by common elements or components.
Table 3
Physical connection induction rules
Static connection
Rule 7: Volume Connection. If r ij (Type) = Static, the Volume Connection will be generated.
Rule 8: Shaft Connection. If r ij (Type) = Rotation, r ij (V)=0, the Shaft Connection Part will be generated. The basic induction rules work together to generate a basic property model according to the function specification to support the conceptual design of general mechanical systems including control system. The design examples using induction were discussed elsewhere (Hou et al., 2004; Hou and Ji, 2006 ).
The induction model is achieved using rule-based reasoning and is programmed in Matlab. Figure 2 shows the flow chart of the induction model.
For complex system, neural networks were used to derive new rules and also to serve as memory and learning models, which have been discussed elsewhere (Hou and Ji, 2006) . 
Duality-based transformation from property to structure
The transformation from property to structure can be achieved through gene transcription and commitment. Since the available materials and physical laws are limited, there is not much scope for commitment. Hence, this process is mainly a process of gene transcription. Dualism provides a tool acting as gene transcription for coupling properties with the features of the structure.
Duality-based transformation can be achieved according to equations (8) and (9) mathematically. To draw the dual graph visually, the definition of a dual graph is a guide to follow.
To programme the drawing procedure in computers, Bspline is a useful tool. The basic work is to draw the edges of the dual graph. It is much more reliable for a designer to control the curves using an interactive interface than to rely on a computerised automation.
Under the duality-based transformation, properties that are represented as vertices in a graph evolve into physical descriptions of substructures that are represented as faces in the dual graph; connection properties that are represented as edges in the graph evolve into physical descriptions of adjacency relations of substructures; the space that is represented as faces in the graph evolves into a coordination of substructures. Dualism provides not only an explanation of the transformation from the abstract property to the physical structure, but also a means for programming the transformation.
The dual graph also illustrates the basic layout of the structure. A group of layouts can be automatically or interactively generated for reference since several dual graphs are coupled to a given graph.
The initial vertices and edges of the dual graph may need to be rearranged. The rearrangement involves moving vertices (i.e., coordination of substructures) to minimise the length of the edges (i.e., contact length of adjacent substructures).
The basic steps to transform the Property model into the Feature model are shown in Figure 3 . Step 2 is necessary for interacting drawing to make enough space for drawing the dual graph.
Step 3 is optional because the codes are programmed to automatically generate the vertices according to the number of vertices and faces of the prime graph if no vertices are input. In Step 4, when drawing interactively, designers draw lines across the edges of the prime graph line by line using a mouse. Each line consists of a series of points input from the mouse clicking. In the case of automatic drawing, codes are programmed in such a way that each edge is drawn as short length as possible as to achieve optimal layout. This strategy also avoids the codes generating a group of dual graphs, which complicates decision-making.
The duality-based transformation can be easily implemented in Matlab. The function 'getcurve' is modified to achieve interactively drawing of dual graph, and the function 'intersect' is used to evaluate adjacent edges of faces.
The main programming challenge is to get the optimal dual graph. Although a group of graphs are available, only a particular dual graph will be useful for reference. Generally, a small size and simple adjacent relations are preferable. Therefore, the codes are programmed to draw an optimal dual graph with the shortest possible edges.
Partially Autonomous Development of MFS
Using the two bio-inspired mechanisms (gene transcription and induction), the function specification can be mapped onto a conceptual design of MFS in a partially autonomous way. This process can be achieved manually by a designer or partially autonomously by a computer. The framework is illustrated in Figure 4 . The partially autonomous development framework starts with a surrogate model of function specification and ends with a feature model including the layout and the interconnection of components of MFS. One advantage of this framework is to be able to develop a conceptual design without determining the quantitative value of parameters by focusing on the representation and transformation of qualitative parameters. The other advantage is that the framework is easy to programme using a computer. 
Example
A basic requirement is that an MFS panel is required to support a load and the deformation experienced at the centre of MFS panel be less than a certain given value, i.e. ∆ max < ∆ lim .
Surrogate model
The function model: { } 
where k i is the stiffness, F ij is the force and u is the displacement. Figure 5 shows the Surrogate model 
Induction
The Surrogate model is input into the induction model. Outputs of the model are a sketch and a cell matrix, as shown in Figure 6 . According to the induction rules, w 22 will generate Sensor structure Sub 4 , Actuator structure Sub 5 , Processing Unit Sub 6 , Driver Structure Sub 9 and Energy Structure Sub 10 ; r 12 and r 23 will generate PartVolume. The output matrix is too large to be shown here fully, so we only list some of its elements.
{ }
{ , }, 0, 1, , 10, , ,
where k i is the stiffness, g is the processing coefficient of the processing unit. (1, 7) 1
The dual graph is modified manually here. Figure 7 shows the dual graph and the modified dual graph. 
Layout of subsystems
The layout of subsystems can be derived from the dual graph, as shown in Figure 8 . 
Analysis and discussion
The example illustrates how a surrogate model of the specific function specification is transformed into a property model by induction and how the property model continues to be transformed into a feature model by duality-based transformation, which acts as gene transcription tool. The output is a layout sketch and symbolic representation of parameters of an MFS panel. These transformations can be achieved partially autonomously by a computer. The framework presented here provides an explanation for the conceptual transformation from a set of property to an MFS in terms of mechanisms that are analogous to the development of embryos: induction and gene transcription. The graph-and-matrix-based representations, together with the induction and duality-based transformation, convey the design concept from functions to structures and formulate the conceptual development, enabling it to be achieved partially autonomously.
The second advantage of this proposed framework is its capacity to deal with uncertainty. The key point of the proposed framework to achieve partially autonomous development of the MFS is to delay quantifying uncertain parameters and focus on the representation and transformation mechanisms of the parameters symbolically. As illustrated in the design example, a sketch of MFS panel is obtained by computer without the need to use specific numeric values of the parameters. When introducing the commitment mechanism, partially autonomous development of detail design is achieved. However, commitment is a complex mechanism (involving decision-making, analysis, optimisation and the like), and it is difficult to be achieved autonomously without a sufficient database and searching engine, which we will not discuss here.
The third advantage of the framework is that the representation and the transformation algorithms are easy to programme by computer. The induction model can be established through rule-based reasoning, and the dual graph can be generated interactively by a human designer or automatically using pre-programmed codes.
The layout and the interconnection of the components of MFS can be generated through induction and duality. A group of layouts can be automatically or interactively generated since more than one dual graph are coupled with a given graph. Using the induction and duality transformations, the initial design idea is implemented with structure description step by step.
Finally, the proposed representation and mechanisms provide a development-oriented design framework by combining the designing process, mapping mechanisms and computing algorithms in analogy with the concepts of development of biological systems. This combination makes the proposed framework promising in the development of intelligent MFS systems.
Future work will aim to develop a partially autonomous development of detail parameters of MFS by introducing a commitment mechanism into the current framework. Our past work on commitment involves game-based decision-making and a feature-based optimisation model. Many additional design experiments are still needed to validate the commitment mechanism and software codes.
Conclusions
This paper established a development-oriented computational framework for the design of MFS to achieve partially autonomous conceptual design of MFS.
This framework divided the overall design process into six stages and represented them using six models: the Function, Surrogate, Property, Specification, Feature and Parameter models, which are comparable with the stages of embryo development. Partially autonomous transformations between them are achieved through two mechanisms derived from the development of embryos in living organisms: induction and gene transcription. The concept of induction is used to achieve autonomous transformation from the Function model to the Property model. Gene transcription is partially autonomously achieved through dualism. A weighted graph is used to represent system properties. The vertex-edge-face weighted dual graph is proposed here to present features and parameters of substructures. The dual graph is also used to assist in the layout of the components of the structure. The conceptual design of an MFS panel is presented to demonstrate the method.
This method establishes parameter representation and transformation representation using two bio-inspired mechanisms: induction and gene transcription. The induction model is developed using rule-based reasoning and implemented using matlab. Gene transcription is achieved by duality and also implemented using matlab. The induction model, which includes 15 induction rules and basic units, is discussed together with its programming. The duality-based transformation and the procedure for drawing a dual graph by computer are presented. On the basis of these mechanisms and algorithms, function specification can be transformed into the layout and the interconnection of the components of MFS panel partially autonomously. By doing so, designers can visually see the configuration of the MFS panel and obtain the basic parameters of each substructure and the relationship between the parameters symbolically.
